The presence of exotic hadrons, such as hyperons and ∆ isobars, in the dense nuclear matter in their cores has been shown to produce important changes in the properties of neutron stars. Within the quark-meson coupling model, we show that the many-body forces generated by the change in the internal quark structure of the baryons in the strong scalar mean fields generated in dense nuclear matter prohibit the appearance of ∆ isobars.
Introduction
The study of nuclear matter in β-equilibrium at densities above that of normal nuclear matter presents a number of outstanding challenges for modern nuclear theory. Neutron stars (NS), in particular, constitute a remarkable laboratory for studying such effects. The predictions for the structure of these compact stars change dramatically with different assumptions about which baryons play a role. Especially in the era of gravitational wave astronomy, experimental constraints such as those provided by GW170817 [1] and [2, 3, 4] will definitely shed new light on this issue.
There has long been a debate about the role of hyperons in heavy NS [5, 6] . At the time of the discovery of PSR J1614-2230 [2] it was widely believed that the appearance of hyperons would soften the equation of state (EoS) to such an extent that stars with masses as large as 2M would not be possible, a notable exception being the work based upon the quark-meson coupling (QMC) model [7, 8] . Now many authors incorporate the effects of many-body forces which lead to EoS including hyperons which are compatible with the existence of heavy stars.
There is currently a similar but as yet unresolved debate about the presence, or lack thereof, of ∆ isobars in the composition of NS. We recall that at sufficiently high density the Pauli Exclusion Principle ensures the stability of a ∆ baryon once the conditions of chemical equilibrium permit its appearance. Early results [6, 9, 10] showed very high critical densities for the appearance of ∆ baryons, as high as 9ρ 0 (with ρ 0 the saturation density of symmetric nuclear matter). However, with better constraints on the properties of nuclear matter at saturation, such as the symmetry energy, and further developments in models for infinite nuclear matter, many different predictions have appeared [11, 12, 13, 14, 15, 16, 17] , which typically show much lower values for the critical density at which the ∆ − should appear. The ∆ − is, of course, the isobar which appears first because its chemical potential only need equal that of the neutron minus that of the electron, as explained later.
The consequences for NS properties of the appearance of a ∆ − component have been shown to be very significant. For example, it has been shown that the tidal deformability (TD) for a typical NS of mass 1.4M could be reduced by as much as 300 for a reasonably attractive ∆-nucleus potential [11] . Furthermore, Li and co-workers [12] have shown that the softening of the EoS caused by the appearance of ∆ baryons could reduce the radius of a star of mass 1.4M by as much as 2km. These are dramatic effects which may well be tested against data from gravitational wave detection [1] and the NICER mission [18] in the near future. It is therefore crucial to explore the physics underlying the interactions of the ∆ in dense nuclear matter.
The quark-meson coupling (QMC) model [19, 20, 21, 22] starts with a quark model for the structure of baryons (for example, the MIT bag model [23] ) and then solves self-consistently for the changes in structure induced by the strong scalar fields which are known to occur in dense nuclear matter. At the baryon level in nuclear matter the change in hadron structure in-medium leads to a suppression of the baryon coupling to the mean scalar field as the density rises. This is often written in terms of a scalar polarizability. At the level of the energy density functional this can be shown to be equivalent to including repulsive three-body forces between all baryons with strengths predicted by the model with no additional parameters [24, 25] .
With regard to the binding of hyperons in nuclei, a crucial development was the realization that the so-called "hyperfine" interaction between quarks, arising from the spin-dependent one-gluonexchange (OGE) interaction, must be enhanced inmedium [26] . Essentially, in the bag model the strength of the hyperfine interaction involves the inverse of the eigenenergies of the two interacting quarks. Hence, in the QMC model, where the scalar field does not couple to the strange quark, the spin dependent interaction between two light quarks grows considerably faster with density inmedium than that between one strange quark and one non-strange quark. As the mass difference between a Σ and Λ baryon arises primarily from the hyperfine interaction [23, 27] , the Σ − Λ mass splitting grows with density. This provides a very natural explanation [28, 29] of the observed repulsive Σ-nucleus interaction and the consequent absence of Σ-hypernuclei. It also leads to the complete absence of Σ-hyperons in NS within the QMC model [7, 30] .
It is this OGE hyperfine interaction which splits the ∆ from the nucleon in free space in essentially all quark models and, as we have just explained, this mass difference will be enhanced in-medium. Indeed, already at twice nuclear matter density the mass splitting is enhanced by almost 100 MeV. This already suggests that within the QMC model it is unlikely that the ∆ baryon will make an appearance. However, a firm conclusion requires a detailed study including the effect of the iso-vector scalar interaction which will naturally tend to favour the ∆ − in matter that contains predominantly neutrons.
Our aim is to study the chemical potential of the ∆ in matter in β-equilibrium within the QMC model in order to understand whether it is likely to appear at any density relevant to the physics of neutron stars. In Section 2 we review the derivation of the EoS of dense matter in the model, along with the condition for the ∆ − to appear under the constraints of β-equilibrium. In Section 3, we present the numerical results, showing explicitly that the ∆ baryons do not play a role within the QMC model. Finally, section 4 is devoted to a brief summary and discussion.
Equation of State for Dense Nuclear Matter
The QMC model [31, 8, 22 ] is based on a quarklevel description of the baryons as bags of three confined quarks that couple directly to meson fields:
where we denote the isoscalar scalar and vector fields as σ and ω and the corresponding isovector fields as δ and b (with the ρ meson field denoted b to avoid confusion with the density). This problem is solved for a spherically symmetric system of confined quarks subject to the standard linear and non-linear boundary conditions. The former, (1 + i γ ·r)ψ q = 0 at r = R B , simulates confinement and the latter ensures stability. At the level of baryons, the underlying quark structure is manifest through the field dependent couplings to the scalar fields:
The solution of the quark level bag equations coupled to meson fields yields an expression for the rest energy of the baryon that depends non trivially on the meson fields
where n f is the number of quarks of flavour f in the bag, Ω f is the corresponding eigenvalue of the Dirac equation, B the bag constant, z 0 the zero point correction, V B the volume of the bag, and ∆ EM the OGE hyperfine colour interaction [32] . The parameters B, z 0 and the colour hyperfine constant α c , appearing in ∆ EM , are chosen to reproduce the mass spectrum of the baryon octet in free space. We fit the result of the calculation of the baryon mass obtained by solving the bag model over a wide range of values of the applied scalar fields to obtain the functional dependence of the effective baryon mass on the meson fields
This procedure defines the system described by the Lagrangian density in Eq. 2 and we can then proceed to solve for the energy density in HartreeFock approximation 1 , from which we can obtain the chemical potentials and pressure:
Equilibrium Conditions
In the case of NS, where the time scales for weak interactions which change strangeness by up to one unit are much shorter than the formation time, we must minimise the energy density for the system in β-equilibrium, subject to the conservation of baryon number and electric charge. That is, we must minimize the function
where n B f denotes the density of a baryon of flavour f , n f either a baryon or a lepton of flavour f , and Q f the charge of the particle. The parameters λ 1,2 are Lagrange multipliers. By minimizing this function for each value of the total baryon density, n B , we obtain the energy density (and consequently, through Eq. 5, the pressure and chemical potentials) as a function of the total baryon density, ρ B .
Creation Condition for the ∆

−
Provided that the density of neutrons is sufficiently high, Pauli blocking ensures the stability of a ∆ − baryon once it is formed. In free space the decay of the ∆ − at rest leads to a neutron of momentum of order k ≈ 220 MeV. In pure neutron matter the reaction would be Pauli blocked at a density k 3 /(3π) 2 ≈ 0.05 fm −3 . Though this is 1 The full expression for the Hartree-Fock energy density in the QMC model can be found in Appendix A. β-equilibrium condition: µ ∆ − = µ n + µ e , (6) provided that the neutrinos are not trapped in the star. As our focus here is whether or not the ∆ can actually appear under the conditions of β-equilibrium, we need only evaluate the chemical potential for a single ∆ − baryon at rest. The relevant condition is, then
or explicitly
whereφ are the mean field values for the mesons and the scalar couplings are evaluated at the relevant density. Of course, even though there are no Fock terms involving ∆ baryons, if one takes seriously the chiral structure of the baryons [27, 33, 34, 35] there is a potentially significant correction to the chemical The corresponding effect on the nucleon self-energy is already taken into account through the Fock term associated with pion exchange. As the latter is less than 20MeV up to densities 6 times that of nuclear matter [36] , we expect the corresponding effect for the ∆ to be of a similar magnitude. Indeed, explicit calculation confirms that the effect of Pauli blocking on the mass of the ∆ only exceeds 10 MeV when the Fermi momentum is close to the momentum of the momentum of the neutron resulting from ∆ − decay at rest, and it is well below 10MeV above nuclear matter density. As we shall see below, such small shifts have no effect on our conclusion.
Numerical results
As in earlier work [30] , the coupling constants of the σ, ω and ρ mesons in free space have been chosen (with the value of the δ meson coupling taken from Ref. [37] ) to reproduce the properties of nuclear matter at the saturation density, ρ 0 = 0.16 fm −3 , namely the binding energy per nucleon, ε = 15.8 MeV, the symmetry energy, S = 30 MeV, and the slope of the symmetry energy L 0 = 63 MeV. As the coupling constant of the δ meson is less well constrained, we have chosen to test the dependence of our conclusions on this choice by repeating the calculations with this coupling (G δ = g 2 δ /m 2 δ ) either set to zero or doubled, while retaining the same nuclear matter properties. We stress that in the QMC model the fundamental couplings are to the light quarks and while the fitting is done at the nucleon level those values determine the meson-quark couplings which, in turn, determine the couplings to all other baryons, with no further parameters. In Figure 1 we show the chemical potentials calculated within the model (with couplings G σ = 10.0fm
2 ). Figure 2 shows that the value of the chemical potential for the ∆ − not only lies above threshold for all values of the baryon density but the difference µ ∆ − − (µ n + µ e ) actually grows with the value of ρ B . It then becomes clear that there is no value of the density at which the equality in Eq. 8 holds and the value for µ n + µ e is always smaller than µ ∆ − . In other words, the ∆ baryon is always too "expensive" to produce.
Finally the QMC model naturally creates a density dependent coupling of the baryons with the scalar sector. This implies that the isovector-scalar meson also has a density dependent coupling. It is therefore important to examine the variation in the ∆ − chemical potential for the two alternative choices of G δ . As we see in Fig. 3 , even over this very wide range there is no value such that the ∆ − can actually satisfy the condition necessary to appear in the NS.
Summary and Conclusions
We have shown that the repulsive many-body forces that arise naturally in the QMC model from the quark substructure of the baryons increases the chemical potential of the ∆ − in such a way that it simply cannot appear in a neutron star. Given that this conclusion differs from the findings of most other studies, many of which involve considerably more parameters, it is worthwhile to review the physics behind it. In the QMC model, the change of the internal structure of a baryon in-medium plays a crucial role. For symmetric nuclear matter containing nucleons the internal response to the scalar mean field reduces the effective coupling to that field as the density rises, providing a novel saturation mechanism. As we explained in detail, this change of internal structure also enhances the hyperfine interaction between non-strange quarks, which is repulsive in the Σ and attractive in the Λ hyperon. This naturally leads to an effective potential for the Σ which is repulsive, explaining the absence of Σ-hypernuclei and predicting that Σ hyperons should not appear in NS. Exactly the same effect leads to a large enhancement of the mass splitting between the ∆ and the nucleon in dense matter and this is what forbids the appearance of the ∆ − in NS. At the baryon level this effect can be described as a particularly repulsive ∆ − N − N three-body force but the key point is that within the QMC model this is predicted with no additional parameters.
Future measurements of gravitational waves and the upcoming NICER experiment [38] , which intends to measure the radius of a neutron star with great precision, as well as future terrestrial experiments may shed more light on this question.
In Hartree-Fock approximation, the QMC model yields the following expression for energy density.
Kinetic:
Hatree: 
